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The combination of magneto-transport and topological properties has brought great attention
to rare-earth mono-pnictides semimetals. For some of them, like LaSb, it is unclear whether they
show non-trivial topology or not based on density functional theory calculations and angular re-
solved photoemission spectroscopy measurements. Here, we use hybrid density functional theory to
demonstrate that LaSb is in fact a trivial topological semimetal, in agreement with experiments,
but on the verge of a transition to a topological phase. We show that under compressive epitaxial
strain, the La d band crosses the Sb p band near the X3 point in the Brillouin zone, stabilizing
a topologically non-trivial phase, opening unique opportunities to probe the inter-relation between
magneto-transport properties and the effects of band topology by examining epitaxially strained
and unstrained thin films of the same material.
I. INTRODUCTION
Rare-earth monopnictides have attracted great at-
tention for basic and applied sciences, displaying ex-
treme magnetoresistance(XMR) and topologically non-
trivial band structures,1–4 with applications in terahertz
detectors,5,6 solar cells,7 tunnel junctions,8 and serving
as epitaxial contacts to III-V semiconductors.1,9,10 Most
all rare-earth pnictides are semimetals that crystallize in
the rocksalt structure, and due to the presence of par-
tially filled f states they are antiferromagnetic at low
temperatures,11–18 except for non-magnetic La,Y and Lu
pnictides, where the f shell is empty of completely full.
In the past few years, many reports appeared on the
topological properties of rare-earth pnictides.19–22 Insu-
lators can be categorized into normal or trivial band insu-
lators and topological insulators in the presence of time
reversal symmetry,23,24 with the latter showing surface
states that are spin-momentum locked and robust against
any time reversal invariant local perturbation.23,24 Simi-
larly, semimetals can be classified in trivial and topologi-
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FIG. 1. (color online) Electronic band structure of LaSb us-
ing (a) HSE06 hybrid functional and (b) the DFT-GGA func-
tional with spin-orbit coupling. The zero in the energy axis
corresponds to the Fermi level.
cal non-trivial, and the latter are divided into Weyl, Dirac
and nodal-line semimetals.25–27 These topologically non-
trivial semimetals are directly related to each other in
a way that a Dirac semimetal transforms into a Weyl
semimetal by splitting a Dirac point into two Weyl points
provided that the time reversal symmetry or spatial in-
version symmetry is lifted.28 In analogy to the Dirac-cone
surface states in the bulk band gap of topological insula-
tors, the surface states of Weyl and Dirac semimetals are
described by Fermi arcs.29–32 The absence of bulk band
gap in the non-trivial semimetals makes it more difficult
to probe the Dirac-like cone surface states due to the
overlap with the bulk states. These topological semimet-
als are characterized by the non-trivial Z2 invariant using
parity analysis provided that space inversion symmetry
and time reversal symmetry are preserved and there ex-
ists a bulk band gap at each of the k point in the Brillouin
zone.
Recent experiments on LaX (X=As, Sb and Bi) showed
large magnetoresistance of up to 105% with resistivity
plateau at low temperatures,2–4 pointing to potential ap-
plications in sensor and spintronic devices.33–36 Experi-
ments and first-principles calculations indicated the pres-
ence of topological surface states in LaBi, while LaAs
was clearly shown to behave as a trivial semimetal.19–22
Controversial results were reported for LaSb: first-
principles calculations based on the density functional
theory (DFT) within the generalized gradient approx-
imation (GGA) predicted that LaSb is a topological
semimetal with a crossing between the La d and the Sb
p bands near the X point,37 while meta-GGA MBJ38
and hybrid density functional calculations22 showed that
such crossing does not occur, in agreement with ARPES
measurements.37 These results fuelled the debate of
whether the observed magnetoresistance is due to the
non-trivial topological properties of the band structure
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FIG. 2. (color online) First Brillouin zone of (a) LaSb in its
ground state and (b) LaSb under 1.6% compressive epitaxial
strain (the later was exaggeratedly distorted for easy visual-
ization). The area shaded in yellow shows the projection of
the bulk Brillouin zone on the (001) surface Brillouin zone
(SBZ), with symmetry points in the SBZ shown in red.
of LaSb and LaBi, or due to complete compensation of
the electron and hole pockets.39–41
In fact, LaX (X=As, Sb and Bi) are compen-
sated semimetals with equal electron and hole carrier
concentrations.2,4,42 LaBi is a non-trivial topological
semimetal with three Dirac cones on the surface.19,21,37
LaAs is a trivial semimetal as shown in recent experi-
mental studies,2,37 but it can be made topologically non-
trivial under hydrostatic pressure.22 Whether LaSb is a
trivial or a topological semimetal and whether its band
structure can be changed from trivial to topologically
non-trivial by applying small perturbations are still mat-
ter of debate. The HSE hybrid functional gives an accu-
rate description of the electronic structure of rare-earth
pnictides, predicting carrier densities that are in very
good agreement with experimental data.2–4,43–45 It cor-
rectly describes the topologically trivial ground state of
LaAs, and predicts the observed non-trivial topology of
LaBi band structure.19–22
Here we use HSE hybrid functional to describe the
electronic structure of LaSb, and show that LaSb is in-
deed a semimetal with a trivial topological band struc-
ture. We then predict that LaSb can be turned into a
topological semimetal under reasonably small epitaxial
strain, reporting the bulk electronic structure of epitax-
ially strained LaSb and identifying the Dirac cone and
spin texture of the surface states.
II. COMPUTATIONAL APPROACH
Our calculations are based on the density func-
tional theory (DFT)46,47 with the projector augmented
wave (PAW) method48,49 as implemented in the VASP
code.50,51 For the exchange-correlation potential, gener-
alized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE)52 and the screened hybrid functional
of Heyd, Scuseria, and Ernzerhof (HSE06)53,54 are em-
ployed. In the HSE06, the exchange-correlation func-
tional is divided into long range and short range parts
with the screening parameter set to ω= 0.201 A˚−1; a
mixing of 25% Fock-exchange55 is used only in the short
range part, while the long range part and the correlation
are based on the PBE functional. We used PAW poten-
tials for La with nine valence electrons, 5p66s25d1, and
five valence electrons for Sb, i.e., 5s25p3 configuration. A
kinetic-energy cutoff of 300 eV is used for the plane wave
basis set.
For the calculation of epitaxial strain we first use an
eight atom cubic unit cell to simulate the epitaxial strain
(fixing a=b and relaxing c), from which we extract a two
atom primitive cell for band structure calculations, thus
avoiding the effects of band folding. To sample the Bril-
louin zone we use 8×8×8 Γ-centered k-point mesh for
the 2-atom cell calculations. Effects of spin-orbit cou-
pling (SOC) are included only in the band structure cal-
culations, not in the cell optimization. Owned to the
presence of inversion symmetry and time-reversal sym-
metry, the Z2 topological invariant is calculated from the
product of parities at the time-reversal invariant momen-
tum (TRIM) points.56 The wannier90 code57 is used to
obtain maximally localized Wannier functions (MLWF)
and to parameterize a tight binding (TB) hamiltonian.
The WannierTools code58 is used to obtain surface band
structure and spin texture based on the TB hamiltonian
interfaced with wannier90.
III. RESULTS AND DISCUSSION
Like the other rare-earth pnictides, LaSb is stable in
the rock-salt crystal structure with space group Fm3¯m.
The calculated equilibrium lattice parameter a of LaSb
using DFT-GGA is 6.540 A˚ and 6.514 A˚ using HSE06,
in good agreement with experimental lattice parameter
of 6.488 A˚.43 The calculated electronic band structure of
LaSb using DFT-GGA and HSE06 are shown in Fig. 1,
focusing on the region within ±2 eV of the Fermi level.
The partially occupied bands near Γ (hole pockets) are
derived mostly from Sb 5p orbitals, whereas the partially
occupied bands at the X point are derived from La 5d
orbitals. With the inclusion of spin-orbit coupling the 3-
fold degenerate bands at Γ split into a doubly degenerate
band and a nondegenerate band, whereas the La d band
at X remains unchanged.
The electronic structure of LaSb is still under debate as
the calculations by Guo et al.38 predict different results
using DFT-GGA and meta-GGA (MBJ). The DFT-GGA
functional predicts LaSb to be a topological semimetal
with a band inversion at the X point, whereas the meta-
GGA predicts a topologically trivial behavior by decreas-
ing the La d-Sb p band overlap. HSE06 hybrid func-
tional calculations by Guo et al.59 also predict a topo-
logically trivial band structure. ARPES measurements
by Nummy et al.37 showed no sign of band inversion,
whereas results by Niu et al.20 were not conclusive re-
garding the non-trivial topological nature of LaSb.
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FIG. 3. (color online) Electronic band structures of LaSb with (a) 0% (b) 1% and (c) 1.6% applied compressive epitaxial strain.
The top row shows the bands along the in-plane direction, whereas the middle row shows the bands along an out-of-plane
direction, all calculated using the HSE06 hybrid functional with spin-orbit coupling. The bottom row shows the bands along
the Γ-X-Γ direction for the case of 0% applied epitaxial strain, and along the Γ-Z-Γ direction for the cases of 1.0% and 1.6%
compressive epitaxial strain. The Fermi level is set to zero.
Our DFT-GGA and HSE06 calculations show an over-
lap in energy between La d band and Sb p band thus
confirming the semimetallic nature of LaSb in agreement
with previous calculations38,59 and experiments.3,37,42
However, the HSE06 calculations reveal that the La d
band lies higher in energy than the Sb p bands at each k
along the Γ−X direction, while in the DFT-GGA there
is a crossing between the La d and Sb p bands along
the Γ − X direction. We note that our HSE06 calcu-
lations correct the overestimated La d-Sb p band over-
lap in DFT-GGA and also correctly describes the trivial
nature of LaSb band structure in agreement with previ-
ous HSE06 calculations59 and experiments.37,42 Note also
that the order to the La d band and the pnictogen p band
can be reversed if the spin-orbit coupling is stronger as in
the case of LaBi,19,21,22 which is a similar material with
a topologically non-trivial band structure.
The electronic structure of a material can be changed
without adding any extraneous chemical species or dop-
ing. Recent studies have shown that applying hydrostatic
pressure leads to an inversion of the La d and the pnicto-
gen p bands at the X point in LaAs22 and LaSb,59 turn-
ing them into topologically non-trivial materials. Epi-
taxial strain, such as in coherently strained films grown
or deposited on lattice mismatched substrates, can also
be employed to alter the electronic structure of mate-
rials. Here we show that compressive epitaxial strain
can be used as an effective tool to change the topolog-
ical properties of the LaSb band structure. Epitaxial
strain has been demonstrated in the growth of rare-earth
pnicitides on III-V semiconductors using molecular beam
epitaxy.1,60
In Fig. 2 we show how the Brillouin zone of LaSb
changes under epitaxial strain. Under equilibrium, the
Brillouin zone has the shape of a truncated octahedron,
which is common for face-centered cubic or rocksalt crys-
tal structures, with Γ at the center and three independent
X points at the center of the square faces. The shape of
the Brillouin zone changes when we apply compressive
epitaxial strain as the three independent X points split
into two in-plane X points and one out-of-plane Z point.
The calculated electronic band structure of LaSb under
compressive epitaxial strain is shown in Fig. 3, along the
Γ−X − Γ and Γ−Z − Γ directions. Using HSE06 func-
tional we find that under equilibrium the 3 independent
X points are equivalent, and the band structure along
the in-plane and out-of-plane Γ − X directions are the
same. However, under epitaxial strain the 3 independent
X points are split into two in-plane X and one out-of-
plane Z point. In the case of compressive epitaxial strain
of 1%, the La d band gets closer to the Sb p bands as the
overall volume of the crystal is decreased. However, the
La d and Sb p bands along the out-of-plane Γ − Z di-
rection become even closer compared to those along the
in-plane Γ − X direction, but still there is no crossing
between the La d and Sb p bands. At 1.6% compressive
epitaxial strain we observe a band inversion along the
out-of-plane Γ− Z direction, whereas the La d and Sb p
4TABLE I. Parities of all the occupied bands at TRIM points
in the first Brillouin zone of LaSb with 0% applied epitaxial
strain.
No. Γ L L L L X X X Total
1 - - - - - - - - +
3 - - - - - - - - +
5 - - - - - - - - +
7 + - - - - + + + +
9 - + + + + - - - +
11 - + + + + - - - +
13 - + + + + - - - +
Total + + + + + + + + +
bands along the Γ−X still avoid crossing.
Note that the crossing between the La d and Sb p bands
only occur in the case of compressive epitaxial strain, not
for tensile strain. For compressive strain, the La d band
and Sb p bands approach each other along both the Γ−Z
and Γ −X directions because the overall volume/cell of
the crystal decreases. The out-of-plane c lattice param-
eter changes according to the calculated Poisson’s ratio,
ν = − εzzεxx = 0.26, where εxx = εyy is the change of the
lattice parameters along the in-plane a and b directions,
and εzz is the change of the lattice parameter along the
out-of-plane c direction under epitaxial strain. For ten-
sile epitaxial strain, the La d and Sb d bands are further
separated from each other due to the overall increase in
the volume/cell of the crystal.
To shed light on the bulk band inversion and its re-
lationship with the non-trivial topology in LaSb under
epitaxial strain, we calculated the Z2 invariant, which is
given by the product of parities of all the occupied bands
at the TRIM points56 through the following relation:
(−1)vo =
8∏
m=1
δm (1)
where ν0 indicates the topological nature of the mate-
rial and δm is the parity product at m-th TRIM point
for all the occupied bands. For the LaX (X=As,Sb,Bi)
compounds, this Z2 invariant actually depends upon the
product of parities of the occupied bands at the X points,
which in the case of epitaxial strain will be X and Z
points.
In LaSb under zero applied strain, the valence band is
mostly composed of Sb p orbitals, whereas the conduction
band has most of the contributions from La d orbitals.
Parity of La d band is X+7 which is even, while the parity
of Sb p band is X−7 which is odd at two inequivalent
X point and one Z point as shown in Table I. Under
compressive epitaxial strain of ∼1.6%, the parity at the
Z point is interchanged, whereas the parity at the two
in-plane X points remains unchanged as shown in Table
II. Due to the change in parity at the Z point under
applied epitaxial strain the Z2 invariant switches from 0
to 1 which is a sign of a non-trivial topological semimetal.
TABLE II. Parities of all the occupied bands at TRIM points
in the first Brillouin zone of LaSb under 1.6% compressive
epitaxial strain).
No. Γ L L L L X X Z Total
1 - - - - - - - - +
3 - - - - - - - - +
5 - - - - - - - - +
7 + - - - - + + + +
9 - + + + + - - - +
11 - + + + + - - - +
13 - + + + + - - + -
Total + + + + + + + - -
To further characterize the topologically non-trivial
nature of LaSb under epitaxial strain we calculated the
(001) surface band structure. From previous work19 we
learned that LaBi is a topologically non-trivial mate-
rial under equilibrium. LaBi has bulk band inversion
at three independent X points, so that the surface states
show three Dirac-cones related to the bulk band inver-
sions that are projected onto the surface Brillouin zone.
Two in-plane X points are projected onto M points in
the surface Brillouin zone, and the third, out-of-plane, X
(Z) point is projected onto Γ.
Since the bulk band inversion in LaSb under the ef-
fect of compressive epitaxial strain occurs only at the
Z point (i.e., the out-of-plane X point), we expect only
one Dirac-cone to appear at the surface, located at the Γ
point. In Fig. 4(a) and (b) we show the LaSb(001) surface
electronic band structure along M -Γ-M direction. We
see that a Dirac-cone is missing at the Γ point when we
have zero applied strain, indicative of the trivial behav-
ior of LaSb in agreement with previous results.37,38,42,59
However, a gapless Dirac cone appears at the Γ point
when the applied compressive epitaxial strain is 1.6%, in
agreement with our previous analysis. In Fig. 4(c) and
(d) we also show the surface band structure along the
M -X-M direction and, as expected from the discussion
above, there is no sign of surface Dirac-cones even in the
presence of applied compressive epitaxial strain.
Another feature of non-trivial band structures is the
presence of helical spin texture. To demonstrate that de-
termined the spin texture for the surface band structures
at zero applied strain and at 1.6% compressive epitaxial
strain, the results of which are shown in Fig. 4(e) and (f),
respectively. The spin textures are calculated at an en-
ergy cut of 0.5 eV below the Fermi level. In Fig. 4(e), we
see that the helical spin texture is missing, with all spins
aligned in one direction, whereas in Fig. 4(f) we observe
a helical spin texture, further corroborating our analy-
sis above. These calculations clearly demonstrate that
under reasonably small compressive epitaxial strain, of
1.6%, LaSb becomes a topological semimetal. The ability
to coherently grow and characterize thin films of LaSb on
lattice matched and lattice mismatched substrates that
offer such relatively small strains could shed light on the
5FIG. 4. (color online)Electronic band structure of LaSb along M -Γ-M direction for (001) surface with (a) 0% and (b) 1.6 %
epitaxial strain, and along Γ-M -Γ with (c) 0% and (d) 1.6 % epitaxial strain respectively, where the bar on the right shows the
intensity of surface states. The Fermi level is set to zero. The spin textures with 0% and 1.6% epitaxial strain are shown in (e)
and (f) respectively.
role of carrier compensation and non-trivial topology in
the observed extreme magnetoresistance effects.
IV. SUMMARY
Using first-principles calculations we studied the elec-
tronic structure of LaSb using DFT-GGA and the
screened hybrid functional HSE06. We verify that HSE06
rectifies the overestimated band overlap between conduc-
tion and valence bands in DFT-GGA. Using HSE06 we
showed that LaSb is a topologically trivial semimetal un-
der equilibrium, in agreement with the experiments. We
also show that compressive epitaxial strain can be used
to turn LaSb films into topological semimetal, creating
unique opportunity to probe the inter-relationship be-
tween the occurrence of non-trivial topological proper-
ties, compensation of electrons and holes, and extreme
magnetoresistance in rare-earth pnictides.
ACKNOWLEDGEMENTS
We acknowledge fruitful discussions with C.J. Palm-
strm and S. Chatterjee. This work was supported by
the U.S. Department of Energy under Award No. de-
sc0014388, and it used resources of the National Energy
Research Scientific Computing Center (NERSC), a U.S.
Department of Energy Office of Science User Facility op-
erated under Contract No. DE-AC02-05CH11231.
∗ janotti@udel.edu
1 S. Chatterjee, S. Khalid, H. S. Inbar, A. Goswami, F. C.
de Lima, A. Sharan, F. P. Sabino, T. L. Brown-Heft, Y.-
H. Chang, A. V. Fedorov, D. Read, A. Janotti, and C. J.
Palmstrøm, Phys. Rev. B 99, 125134 (2019).
2 H. Y. Yang, T. Nummy, H. Li, S. Jaszewski, M. Abram-
chuk, D. S. Dessau, and F. Tafti, Phys. Rev. B 96, 235128
(2017).
3 F. F. Tafti, Q. D. Gibson, S. K. Kushwaha, N. Hal-
dolaarachchige, and R. J. Cava, Nat. Phys. 12, 272 (2016).
4 S. Sun, Q. Wang, P. J. Guo, K. Liu, and H. Lei, New J.
Phys. 18, 082002 (2016).
5 J. E. Bjarnason, T. L. J. Chan, A. W. M. Lee, E. R. Brown,
D. C. Driscoll, M. Hanson, A. C. Gossard, and R. E.
Muller, Appl. Phys. Lett. 85, 3983 (2004).
6 R. Salas, S. Guchhait, S. D. Sifferman, K. M. McNicholas,
V. D. Dasika, D. Jung, E. M. Krivoy, M. L. Lee, and S. R.
Bank, APL Mater 5, 096106 (2017).
7 A. Gossard, J. Zide, and J. Zimmerman, Google Patents
(2007), US Patent App. 11/675,269.
8 J. M. O. Zide, A. Kleiman-Shwarsctein, N. C. Strandwitz,
J. D. Zimmerman, T. Steenblock-Smith, A. C. Gossard,
A. Forman, A. Ivanovskaya, and G. D. Stucky, Appl. Phys.
Lett. 88, 162103 (2006).
69 M. P. Hanson, A. C. Gossard, and E. R. Brown, Appl.
Phys. Lett. 89, 111908 (2006).
10 J. Zhang, Y. Wang, S. Khalid, A. Janotti, G. Haugstad,
and J. M. O. Zide, J. Appl. Phys 126, 095704 (2019).
11 N. Wakeham, E. D. Bauer, M. Neupane, and F. Ronning,
Phys. Rev. B 93, 205152 (2016).
12 T. Tsuchida and W. E. Wallace, J. Chem. Phys. 43, 2087
(1965).
13 T. Chattopadhyay, P. Burlet, J. Rossat-Mignod,
H. Bartholin, C. Vettier, and O. Vogt, Phys. Rev.
B 49, 15096 (1994).
14 A. G. Petukhov, W. R. L. Lambrecht, and B. Segall, Phys.
Rev. B 53, 4324 (1996).
15 M. E. Mullen, B. Lu¨thi, P. S. Wang, E. Bucher, L. D.
Longinotti, J. P. Maita, and H. R. Ott, Phys. Rev. B 10,
186 (1974).
16 D. X. Li, Y. Haga, H. Shida, T. Suzuki, Y. S. Kwon, and
G. Kido, J. Phys. Condens. Matter 9, 10777 (1997).
17 A. G. Petukhov, W. R. L. Lambrecht, and B. Segall, Phys.
Rev. B 50, 7800 (1994).
18 S. Khalid, A. Sharan, and A. Janotti, Phys. Rev. B 101,
125105 (2020).
19 J. Nayak, S. C. Wu, N. Kumar, C. Shekhar, S. Singh,
J. Fink, E. E. D. Rienks, G. H. Fecher, S. S. P. Parkin,
B. Yan, and C. Felser, Nat. Commun. 8, 13942 (2017).
20 X. H. Niu, D. F. Xu, Y. H. Bai, Q. Song, X. P. Shen, B. P.
Xie, Z. Sun, Y. B. Huang, D. C. Peets, and D. L. Feng,
Phys. Rev. B 94, 165163 (2016).
21 R. Lou, B. B. Fu, Q. N. Xu, P. J. Guo, L. Y. Kong, L. K.
Zeng, J. Z. Ma, P. Richard, C. Fang, Y. B. Huang, S. S.
Sun, Q. Wang, L. Wang, Y. G. Shi, H. C. Lei, K. Liu,
H. M. Weng, T. Qian, H. Ding, and S. C. Wang, Phys.
Rev. B 95, 115140 (2017).
22 S. Khalid, F. P. Sabino, and A. Janotti, Phys. Rev. B 98,
220102(R) (2018).
23 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).
24 X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057
(2011).
25 X. Wan, A. M. Turner, A. Vishwanath, and S. Y.
Savrasov, Phys. Rev. B 83, 205101 (2011).
26 H. Weng, C. Fang, Z. Fang, B. A. Bernevig, and X. Dai,
Phys. Rev. X 5, 011029 (2015).
27 Z. K. Liu, L. X. Yang, Y. Sun, T. Zhang, H. Peng, H. Yang,
C. Chen, Y. Zhang, Y. Guo, D. Prabhakaran, M. Schmidt,
Z. Hussain, S. k. Mo, C. Felser, B. Yan, and Y. L.
Chenothers, Nat. Mater. 15, 27 (2016).
28 M. Hirayama, R. Okugawa, and S. Murakami, J. Phys.
Soc. Jpn. 87, 041002 (2018).
29 Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng,
D. Prabhakaran, S. K. Mo, Z. X. Shen, Z. Fang, X. Dai,
et al., Science. 343, 864 (2014).
30 S. Y. Xu, C. Liu, S. K. Kushwaha, R. Sankar, J. W. Krizan,
I. Belopolski, M. Neupane, G. Bian, N. Alidoust, T.-R.
Chang, et al., Science. 347, 294 (2015).
31 S. Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, G. Bian,
C. Zhang, R. Sankar, G. Chang, Z. Yuan, C. C. Lee, et al.,
Science. 349, 613 (2015).
32 L. X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang,
T. Zhang, B. Zhou, Y. Zhang, Y. F. Guo, M. Rahn, et al.,
Nat. Phys. 11, 728 (2015).
33 J. M. Daughton, J. Magn. Magn. Mater. 192, 334 (1999).
34 G. A. Prinz, Science. 282, 1660 (1998).
35 W. Thomson, Proc. Royal Soc. Lond. 8, 546 (1857).
36 D. Wu, J. Liao, W. Yi, X. Wang, P. Li, H. Weng, Y. Shi,
Y. Li, J. Luo, X. Dai, and Z. Fang, Appl. Phys. Lett. 108,
042105 (2016).
37 T. J. Nummy, J. A. Waugh, S. P. Parham, Q. Liu, H. Y.
Yang, H. Li, X. Zhou, N. C. Plumb, F. F. Tafti, and D. S.
Dessau, npj Quantum Materials 3, 24 (2018).
38 P. J. Guo, H.-C. Yang, B. J. Zhang, K. Liu, and Z. Y. Lu,
Phys. Rev. B 93, 235142 (2016).
39 M. N. Ali, J. Xiong, S. Flynn, J. Tao, Q. D. Gibson, L. M.
Schoop, T. Liang, N. Haldolaarachchige, M. Hirschberger,
N. P. Ong, and R. J. Cava, Nature 514, 205 (2014).
40 J. Jiang, F. Tang, X. C. Pan, H. M. Liu, X. H. Niu, Y. X.
Wang, D. F. Xu, H. F. Yang, B. P. Xie, F. Q. Song,
P. Dudin, T. K. Kim, M. Hoesch, P. K. Das, I. Vobornik,
X. G. Wan, and D. L. Feng, Phys. Rev. Lett. 115, 166601
(2015).
41 J. He, C. Zhang, N. J. Ghimire, T. Liang, C. Jia, J. Jiang,
S. Tang, S. Chen, Y. He, S. K. Mo, C. C. Hwang,
M. Hashimoto, D. H. Lu, B. Moritz, T. P. Devereaux, Y. L.
Chen, J. F. Mitchell, and Z. X. Shen, Phys. Rev. Lett. 117,
267201 (2016).
42 L. K. Zeng, R. Lou, D. S. Wu, Q. N. Xu, P. J. Guo,
L. Y. Kong, Y. G. Zhong, J. Z. Ma, B. B. Fu, P. Richard,
P. Wang, G. T. Liu, L. Lu, Y. B. Huang, C. Fang, S. S.
Sun, Q. Wang, L. Wang, Y. G. Shi, H. M. Weng, H. C.
Lei, K. Liu, S. C. Wang, T. Qian, J. L. Luo, and H. Ding,
Phys. Rev. Lett. 117, 127204 (2016).
43 K. S. Chua and J. N. Pratt, Thermochim Acta 8, 409
(1974).
44 R. Singha, B. Satpati, and P. Mandal, Sci. Rep. 7, 6321
(2017).
45 I. Shirotani, K. Yamanashi, J. Hayashi, N. Ishimatsu,
O. Shimomura, and T. Kikegawa, Solid State Commun.
127, 573 (2003).
46 P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
47 W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
48 P. E. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
49 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
50 G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
51 G. Kresse and J. Hafner, Phys. Rev. B 49, 14251 (1994).
52 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
53 J. Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys.
118, 8207 (2003).
54 J. Heyd, G. E. Scuseria, and M. Ernzerhof, J. Chem. Phys.
124, 219906 (2006).
55 J. P. Perdew, M. Ernzerhof, and K. Burke, J. Chem. Phys.
105, 9982 (1996).
56 L. Fu and C. L. Kane, Phys. Rev. B 76, 045302 (2007).
57 A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee, I. Souza,
D. Vanderbilt, and N. Marzari, Comput. Phys. Commun.
185, 2309 (2014).
58 Q. Wu, S. Zhang, H. F. Song, M. Troyer, and A. A.
Soluyanov, Comput. Phys. Commun. 224, 405 (2018).
59 P.-J. Guo, H.-C. Yang, K. Liu, and Z.-Y. Lu, Phys. Rev.
B 96, 081112(R) (2017).
60 S. Chatterjee, S. Khalid, H. S. Inbar, T. Guo, Y.-H. Chang,
E. Young, A. V. Fedorov, D. Read, A. Janotti, and C. J.
Palmstrm, (2020), arXiv:2002.06167.
